Abstract Protein aggregation as a result of misfolding is a common theme underlying neurodegenerative diseases. Accordingly, most recent studies aim to prevent protein misfolding and/or aggregation as a strategy to treat these pathologies. For instance, state-of-the-art approaches, such as silencing protein overexpression by means of RNA interference, are being tested with positive outcomes in preclinical models of animals overexpressing the corresponding protein. Therapies designed to treat central nervous system diseases should provide accurate delivery of the therapeutic agent and long-term or chronic expression by means of a nontoxic delivery vehicle. After several years of technical advances and optimization, gene therapy emerges as a promising approach able to fulfill those requirements. In this review we will summarize the latest improvements achieved in gene therapy for central nervous system diseases associated with protein misfolding (e.g., amyotrophic lateral sclerosis, Alzheimer's, Parkinson's, Huntington's, and prion diseases), as well as the most recent approaches in this field to treat these pathologies.
Introduction
Protein folding is vital for living organisms in order for proteins to be functionally active. With the assistance of proteins called chaperones, newly translated proteins fold into the three-dimensional shapes that are critical to their function. However, proteins do not always fold properly, despite the existence of a complex cellular quality control system. As a result, an elaborate pathway for sequestration [1] and degradation (for a review see [2] ) of aberrant proteins exists in all cells because protein misfolding is frequently associated with the acquisition of new, deleterious properties not seen in the native analog. Of most relevance to the current topic, such aberrant structures sometimes generate fibrillar oligomers [3, 4] . Many neurodegenerative diseases have been associated with the accumulation of misfolded protein aggregates in the brain and other parts of the central nervous system (CNS). Dramatic examples of these pathologies include Alzheimer's (AD), Parkinson's (PD), Huntington's (HD), amyotrophic lateral sclerosis (ALS), and prion diseases [5, 6] . In these neurodegenerative diseases, a minority of cases are caused by a genetic mutation and the remainder are sporadic. Interestingly enough, in some, mutations affect genes encoding proteins related to protein homeostasis (e.g., ubiquitin-proteasome system, lysosome-autophagy system) [7] .
Unfortunately, to date, there is no treatment that alters the progression of any of these neurodegenerative diseases. Indeed, disease-modifying approaches specific to particular neurodegenerative diseases are currently being investigated clinically, none of which target protein misfolding directly. An attractive therapeutic strategy is to ameliorate the protein misfolding that is a shared characteristic of many neurodegenerative diseases by elevating the expression of chaperone proteins [8] . This hypothesis is now being explored as a potential therapeutic for neurodegenerative conformational diseases. Nevertheless, when designing a potential therapy for CNS diseases it should be kept in mind that any treatment would most probably need to be provided chronically, perhaps for life, with a correspondingly safe and comprehensive method of delivery of the therapeutic agent to the affected structures in order to obtain the best therapeutic results.
Gene therapy is a promising way to deliver therapeutic molecules to treat CNS diseases. It utilizes vectors to carry out gene transfer, resulting in targeted protein expression in specific regions of the brain (see Fig. 1 ) [9] . Recent advances have demonstrated that viral vectors, particularly adeno-associated vectors (AAV), can direct long-term expression levels in brain cells, both in the injection site and in distal interconnected structures after a single parenchymal injection [10] [11] [12] . AAV efficacy and safety has been amply demonstrated, and some AAV-based gene therapies have progressed to Phase I/II clinical trials [13, 14] . Even more recently, intravenous and cerebrospinal fluid (CSF) injections of AAV have demonstrated the possibility of employing less invasive gene delivery approaches [15] [16] [17] .
In the following sections we will first review recent peer-reviewed research into optimization specifically of AAV-based gene therapy and then examine potential applications of this therapeutic modality to test the hypothesis that protein misfolding is central to major CNS diseases. Other vector systems, such as herpes simplex virus and lentivirus have also been explored to some extent, but AAV has been by far the most widely used vector system for neurologic gene therapy, and the delivery technology is correspondingly advanced.
Axonal Transport
AAV serotypes evince diverse tropisms in the CNS with attendant advantages and disadvantages. We have favored the use of neuron-specific serotypes primarily for safety reasons, as this restriction avoids targeting of antigenpresenting cells, dealt with in more detail later. AAV2, the most widely used serotype clinically, is neuron-specific in the brain and we recognized its propensity for anterograde axonal transport some years ago [18, 19] . Thus, AAV2 is transported from the soma to terminals projecting to distal structures, and this transport results in release of intact AAVparticles from axon terminals to transfect other nearby cells in the distal structure. For example, striatal infusion of AAV2 revealed a strong fiber transduction in the globus pallidus, substantia nigra (SN) pars reticulata, and subthalamic nucleus defining an anterograde striato-pallidal transport in nonhuman primate (NHP) brain [20] . Similarly, thalamic infusion of AAV2 resulted, via robust anterograde thalamocortical transport, in strong transgene expression in motor and sensory cortical regions in rats [18, 21] and NHP [19] . In contrast, AAV6 is transported in a retrograde direction. Recently, we showed that striatal infusion of AAV6 resulted in extensive transduction of cortical and SN pars compacta neurons, with both structures innervating the striatum. AAV6 not only was transported almost exclusively in a retrograde direction but also transduced rat neurons several-fold better than AAV2 [22] .
This remarkable directional divergence in axonal transport properties, apart from being intriguing at the molecular level, has clear therapeutic implications. By means of either AAV2 or AAV6, it is possible to target different distal structures even when the same anatomic region is the primary infusion site. Thus, the ability of AAV2 to be transported anterogradely supports its use in the treatment of PD motor deficits [23, 24] where transport of the vector throughout affected basal ganglia results in transduction of many affected structures [18, 19] . The obverse application of AAV6 may be in HD where the pathology is mediated by damage to both striatal medium spiny neurons and corticostriatal projections.
CSF Delivery of Viral Particles
Parenchymal delivery of AAV has unique strengths, but, in some cases, global distribution is desirable [25] . Intravenous and intrathecal delivery are both promising routes of delivery because, respectively, they exploit the intense vascularization of the brain and CSF flow through perivascular pathways. In this regard, AAV9 is especially interesting in view of its ability to cross the blood-brain barrier after being injected into the circulation [16, 26] . This approach is not without its limitations, of course. Other tissues, particularly the liver, are transduced by AAV9 when it is injected intravenously, although efforts have been made to limit this transduction by modifying AAV9 capsid [27] . Intravenous infusion of AAV9 primarily transduces perivascular astrocytes and it is thought that this is mediated through binding of the vector to astrocytic protrusions into the vasculature [26] . Some brain neurons are also transduced, but, apparently, little has been done to identify whether they conform to a particular phenotype. Further exploration of the interaction between AAV9 and astrocytes may help to improve transduction efficiency. A further and far more significant problem is that of circulating anti-AAV antibodies, which display a remarkable ability to block brain transduction by this route. This problematic role of AAV immunity is dealt with in more detail later.
Alternatively, administration of AAV9 encoding different transgenes into the CSF results in strong transduction levels by different serotypes mainly after intrathecal injection [28] [29] [30] . We have explored the injection of AAV9 into the cisterna magna (CM). CM injection may be performed with relative safety in an anesthetized patient. Cisternal punctures are performed by inserting a hypodermic needle in the midline, just between the skull and the arch of C1, through the atlanto-occipital membrane and into the expanded dural sac for the rostral cervical spine. Advancing the needle in a stepwise manner allows passage through the membrane and into the CSF. There is a risk of the infusion needle touching or entering the spinal cord, causing temporary or permanent injury, but fluoroscopy or X-ray guidance can minimize this is decreased owing to the loss of dopaminergic neurons and fibers from the substantia nigra (SN). Dopamine depletion is greater in the putamen (Put) than in the caudate nucleus (Cd). Gene therapy-based delivery of glial cell line-derived neurotrophic factor (GDNF), a well-known neuroprotective and neurorestorative factor for midbrain dopaminergic neurons (red dots and lines), rescues nigral neurons and, consequently, improves striatal dopaminergic tone in PD experimental models [104] . (b) AAV2 harboring GDNF transgene (blue shadow) is infused into putamen by convection-enhanced delivery to obtain an optimal distribution of the vector. (c) Viral particles transduce striatal medium spiny neurons (green dots and lines). (d) AAV2 is anterogradely transported through axons reaching the SN reticulata. Furthermore, some of the AAV2-GDNF particles are probably transported transynaptically and transduce nigral neurons (red and blue dots in SN). Although AAV2 is an anterograde vector, the dramatic loss of nigrostriatal fibers in the Parkinsonian brain prevents retrograde transport of GDNF protein through this pathway. (e) GDNF trophic effect on nigral neurons promotes neuronal survival and induces nigrostriatal dopaminergic sprouting seen as regrowth of axons in the striatum (note the larger number of dopaminergic fibers in Put) that results in the amelioration of Parkinsonian symptoms risk. Recently, we showed that AAV9 delivered by this route yields stronger levels of transduction than by intravascular delivery. In that study, AAV9 transduced astrocytes more efficiently than it did neurons in NHP [17] . CM injection directed strong expression of transgene throughout the cortex and cerebellum, mainly in astrocytes. Interestingly, we also confirmed that animals with a significant pre-existing anti-AAV antibody titer abrogated brain transduction, demonstrating that delivery of AAV9 into the CSF, as with intravenous or arterial injection, does not shield against AAV antibodies.
Immunologic Response
AAV2 is the most common vector used in gene therapy for neurological disease, mainly, because AAV2 is a neuronspecific serotype with no described adverse effects in the CNS, although previous studies report development of immune response after AAV2 delivery into rat liver [31] . Little or no detectable innate immune response has been described after injecting AAV2 into rat brain [32, 33] with only a modest transient astrocytic activation at the injection site [34] . Injection of AAV2 into rat brain, however, generates a humoral anti-capsid immunity that depends on vector dose [35, 36] . Moreover, high titers of existing anti-AAV2 capsid antibody produced by prior peripheral immunization blocked transduction of rat striatum by AAV2-human amino acid decarboxylase (hAADC), but did not trigger any cell-mediated response and did not eliminate already transduced striatal neurons [36] . Other studies [33, 37] have reported significant evidence of a cell-mediated response in a similar type of experiment in which delayed striatal administration of AAV2 vectors resulted in significant inflammation. However, we have seen little effect of humoral immunity on transduction by AAV2 in NHP with parenchymal delivery and do not routinely screen candidate animals for antibody titers, even though significant anti-AAV titers are very common in primates, both human [38] [39] [40] and nonhuman [16, 17] . The lowest titers are usually found in infants and young children [40] .
The strong immunologic safety profile of AAV2 can be ascribed very much to its neuronal specificity because it avoids presentation of antigenic peptides on the surface of cells to engage the adaptive immune system. A dramatically different picture emerged, however, when we used AAV9 to deliver nonself genes parenchymally to rat brain [41] . To do this, we used two transgenes, hAADC and green fluorescent protein (GFP), and manufactured AAV2 and AAV9 versions. Both proteins are, of course, foreign to the rat immune system. We found that striatal infusion of AAV9, but not AAV2, encoding these proteins activated a massive immune response characterized by glial major histocompatibility complex II upregulation, CD8+ lymphocytic infiltration, and neuronal death in the transduced cerebral regions. In these experiments, hAADC appeared to be a much more aggressive driver of cell-mediated and humoral immunity. These results have clear implications on the future clinical use of AAV9. The use of AAV9 is, of course, not precluded, but care has to be taken in the design of preclinical experiments, specifically with respect to maintaining syngeneic expression. It is particularly noteworthy that GFP is a widely used reporter gene because it is regarded as quite innocuous. That is clearly not the case when GFP is expressed by antigen-presenting cells. Interestingly, similar phenomena have also been observed in NHP brain with AAV1-GFP [42] and liver, where AAV7 elicited similar GFP-specific immune responses [43] . Clearly then, this issue of antigen presentation by AAV serotypes that are not neuron-specific presents a real challenge to gene therapists.
Real-Time MRI-Guided AAV Delivery
Limited distribution of the therapeutic agent seems to be a recurrent problem when trying to reproduce preclinical results in clinical trials, probably owing to the use of simple injection for parenchymal delivery [44] [45] [46] . To date, convection-enhanced delivery (CED) seems to be a more efficient system in order to achieve complete coverage of target structures. CED, first described by Oldfield and colleagues [47] , is a parenchymal infusion technique that, by means of a pressure gradient from a cannula tip positioned within the target structure, generates bulk flow of macromolecules within the interstitial fluid space. This method allows higher quantities of therapeutic agents to be distributed through large volumes of brain tissue from a single cannula, not by simple diffusion kinetics but by a different mechanism that requires a pressure-driven engagement of the perivasculature to propel infusate over significant distances [48] . Our group has extensively optimized this method over the years in the NHP model [9, [49] [50] [51] [52] . Our current technique allows us to monitor parenchymal infusions in a MR scanner by including free gadoteridol, a tracer visible with MR, in the therapeutic agent preparation. This method greatly enhances the accuracy and viability of, for example, AAV delivery in NHP as it provides real-time visualization of the infusion by using gadoteridol as a surrogate marker for parenchymal AAV2 distribution [51, 53] . Thus, performing infusions by interventional MRI represents a tremendous advantage in predicting the infusion outcome, as well as being able to achieve optimal cannula placement within target structures or monitor possible hemorrhages or infusate leakage outside the target structure [50] . In fact, MRI tracers for real-time CED have been already used in two patients treated at NIH and shown to be safe within the human brain parenchyma [54] .
Integrated Delivery Platform for Parenchymal Delivery
Real-time CED described in the previous section led to the development of a clinical platform for MRI-monitored CED in the brain. In collaboration with MRI Interventions Inc. (Irvine, CA; formerly Surgivision Inc.) and BrainLab Inc. (Heimstetten, Germany), we have developed an MRIcompatible delivery platform that includes a skull-mounted aiming device (SmartFrame), a reflux-resistant CED cannula (SmartFlow) and a MRI-integrated software package (Clearpoint) that communicates with both the console and the operating neurosurgeon in the MRI suite [49] . This device results in cannula tip placement that is within 1 mm of the visually identified target site, greatly increasing our ability to safely and reliably deliver gene therapy vectors as we recently ascertained in NHP for infusion in different regions of the brain [49] . As CED is a pressurized infusion method, under certain conditions, such as a high flow rate, the pressure generated at the cannula tip can exceed the shear modulus of the tissue-cannula contact surface and result in a reflux of the infusate through the outside of the cannula [55] . In order to avoid this phenomenon, we designed a ceramic, fused silica reflux-resistant cannula with a 3-mm stepped tip that is now the Food and Drug Administration-approved SmartFlow® catheter [51, 55, 56] . We found out that, with this refluxresistant cannula, flow rates up to 5 μl/min [55] and even 10 μl/min (KSB, unpublished data) could be safely achieved, significantly reducing the procedure time. For this customdesigned cannula, we also identified specific cannula placement zone within different target structures, or "green" zone, that would ensure anatomically contained infusion of the therapeutic agent [57, 58] .
Gene Therapy Applications for Neurodegenerative Diseases
AD AD is the most common cause of dementia, characterized by a progressive neurodegenerative disorder in which synaptic loss is followed by neuronal death. This process follows a typical anatomic progression with early olfactory degeneration followed by later hippocampal and cortical degeneration [59, 60] . As each region is attacked, the accumulation of somewhat fibrillary deposits chiefly composed of amyloid protein is a defining feature. Both familial and sporadic disease have been intensively studied for many years (for some excellent recent reviews, see [61] [62] [63] [64] [65] ). A major focus of translational research has been the small protein β-amyloid (Aβ). Because earlyonset familial disease is characterized by mutations in Aβ or in proteases that cleave the precursor into fragments, some of which evince various toxicities both in cell culture and in transgenic mice, attention has been directed very much at the development of therapies that seek to deplete the brain of such toxic species with the expectation that this alone would alter the course of the vastly more prevalent sporadic disease, itself not associated with over-production of toxic Aβ much as poor clearance [66] . Both active immunization with synthetic Aβ42 peptide and passive immunization with anti-Aβ antibodies were the most plausible immunotherapeutic approaches for AD. However, the presence of CNS inflam matory reaction in patients after active immunization [67] , and few cognitive benefits after antibody injection [68] , prompted a reassessment of whether toxic Aβ is really a driver of AD pathology or just one of a number of participants [69] . Interestingly, gene therapy-based delivery in experimental models suggested that this might be a useful approach for AD immunotherapy. Effective passive immunization was achieved by cerebroventricular delivery of recombinant anti-Aβ single-chain variable fragments (scFv) driven by AAV transduction, and this resulted in reduction of Aβ deposition in the mouse model of Aβ toxicity by 25-50 % [70] . Further, hippocampal infusion of AAV1-Aβ-scFv not only lowered levels of insoluble Aβ but animals also exhibited lower levels of hyperphosphorylated tau protein and a significant improvement in cognitive function [71] . Interestingly, peripheral expression of therapeutic agents driven by viral vectors has also been effective. Muscular injection (hind limb) of AAVencoding neprilysin, a potent peptidase able to degrade Aβ induced a 60 % reduction of soluble Aβ peptides and 50 % reduction of amyloid deposits in the brain of amyloid overexpressing transgenic mice [72] . These approaches all suffer the same problem. The so-called "AD model" is really a model of Aβ toxicity in which mice have been engineered to massively overexpress mutated forms of Aβ. These mice, however, differ in important and perhaps crucial ways from humans with AD. First, the amyloid plaques: they differ significantly in appearance from human plaque in that they lack the fibrillary appearance of the human plaques [73] . Second, even though the mice show dramatic and progressive neurite retraction, they show little neuronal death-a hallmark of the human disease [74] . That strategies designed to ameliorate an engineered toxicity should do so, veers close to a tautology; thus, they should be interpreted and extrapolated to human disease with caution. The fact that anti-amyloid strategies have so far failed in the clinic is, perhaps, telling.
This fading faith in the amyloid hypothesis reminds us that AD is a complex disease in which multiple factors may be responsible for onset and progression. Neuroinflammation is another etiologic characteristic sign in AD. Astrocytosis and microgliosis are triggered by Aβ accumulation and direct upregulation of cytokines and chemokines that lead to chronic brain inflammation in AD patients [75] . Few studies have focused on neuronal anti-inflammatory cytokine signaling as an alternative to anti-amyloid strategies. Sustained expression of IL-4 by AAV-mediated hippocampal injection in transgenic "AD mice", revealed a significant reduction of neuroinflammatory symptoms, as well as Aβ reduction, enhanced neurogenesis, and spatial learning restoration [76] . Recent experiments demonstrated that IL-10 expression mediated by AAV1 in hippocampal neurons resulted in amelioration of cognitive dysfunction, reduction of astro/microgliosis, neurogenesis, and Aβ clearance. Moreover, like IL-4, sustained overexpression of IL-10 also improved spatial learning [77] . Gene therapy for AD is an active area with many therapies in the pipeline. All of them will require mastery of delivery technology in the clinic. Inadequate targeting or distribution will doom candidate therapies, no matter how effective they may appear in more limited preclinical settings.
PD
PD is a neurodegenerative movement disorder characterized principally by the selective loss of dopaminergic neurons in the SN pars compacta, although other areas of the nervous system are frequently also affected [78, 79] . The main histopathologic hallmark of this disorder is the presence of intracellular inclusions called Lewy bodies inside the surviving dopaminergic neurons. Accordingly, association of mutations in specific genes (e.g., α-synuclein) and of genetic susceptibility variants in PD patients has implicated abnormalities in protein homeostasis, or the management and elimination of misfolded proteins, in the pathogenesis of this disorder that result in the presence of these inclusions [80] . As protein aggregates seem to play a major role in PD, strategies targeting the cellular systems that regulate proteostasis, such as the chaperone system (folding of proteins and refolding of misfolded proteins) and ubiquitin-proteasome system (elimination of misfolded proteins), are being explored (for a review see [7] ). Gene therapy may provide strategies to upregulate the expression and/or activity of neuroprotective chaperones in neurons that are vulnerable to neurodegeneration in PD. Preclinical studies in animal models of PD have provided evidence for the potential of viral-mediated heat shock protein 70 (Hsp70) expression. One study in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mice demonstrated that Hsp70 gene transfer to striatal dopaminergic neurons by a recombinant AAV could protect against MPTP-induced dopaminergic cell death and associated decline in striatal dopamine levels [81] . Another study in a rat model of PD showed that AAV-mediated overexpression of Hsp70, but not Hsp40, protected against dopaminergic neurodegeneration [82] . However, the neuroprotective role of Hsp70 is still controversial as a recent study of overexpression of Hsp70 in transgenic mice did not reduce dopaminergic neuron loss or damage to striatal terminals after either acute or chronic treatment with MPTP [83] . Also, several studies have established that α-synuclein (the main component of Lewy bodies) overexpression, and subsequent aggregation, is deleterious for dopaminergic neurons in α-synuclein-overexpressing rodents [84] [85] [86] and primates [87, 88] . Thus, recent studies silenced human α-synuclein (hα-syn) expression both in vitro and in vivo by means of RNA interference (RNAi). Bohn and colleagues used a lentivirus to ectopically express hα-syn in the striatum of rats and co-infused them with a short hairpin (shRNA) against hα-syn harbored in a lentivirus [89] . Co-infusion of the lentiviral hα-syn and shRNA resulted in an almost complete elimination of hα-syn in the striatum. More recently, the same group used a similar approach to silence ectopic hα-syn in the SN of rats, although this time both hα-syn transgenes were harbored in AAV [90] . Animals were injected unilaterally and the experimental group that received AAV-hα-syn showed contralateral forelimb deficits, as well as nigral cell loss 9 weeks after AAV infusion. In contrast, animals that were co-infused with AAVhα-syn and AAV-shRNA evinced normal movement of the contralateral forelimb at 9 weeks. Unfortunately, AAV-shRNA expression did not protect against nigral neuronal loss in these animals and, when injected alone, AAV-shRNA expression alone resulted in dopaminergic cell loss in the SN [90] . Interestingly, embedding the shRNA used in the latter study into a microRNA resulted in reduced toxicity in cell cultures, but still achieved a significant silencing of hα-syn (up to 60 % less hα-syn expression) [91] . Unfortunately, and like the comments made earlier about AD models, rodents engineered to overexpress hα-syn are not good models of PD and, probably, any pathology corresponds more to the toxic effect of hα-syn overexpression per se. This fact makes it rather difficult to translate preclinical data obtained in these models into therapies for PD patients.
Other approaches to gene therapy of PD, not targeted to protein aggregation such as α-synuclein, actually represent the great majority of clinical neurologic gene therapy trials in terms of subjects [14, 92] . Two major classes of intervention have been advanced: 1) modulation of neurotransmitter synthesis (AAV-GAD [93, 94] , AAV2-hAADC [23, 95] ) and 2) use of growth factors [neurturin [24, 44, 46] , glial cell line-derived neurotrophic factor (GDNF) [96] [97] [98] [99] , NCT01621581] to stimulate regeneration (see [100] for review). Approaches based on neurotransmitter function showed good results in Phase I trials as seen by a reduction in the UPDRS scores after each treatment [23, 93, 95] . Based on those encouraging results, an AAV-GAD Phase II trial was performed where treated patients showed a reduction of UPDRS scores compared with the placebo group [94] . However, that improvement was no better than that seen with deep brain stimulation, a surgical therapy already well established for the symptomatic treatment of PD. However, a Phase II clinical trial is already planned for AAV2-hAADC treatment of PD patients with higher vector doses and an optimized delivery platform based on promising preclinical results in NHP [101] . Similarly, therapeutic approaches using neurotrophic factors, such as neurturin (NTN) or GDNF, showed promising results in Phase I clinical trials [24, 96, 98, 102 ]. An AAV2-NTN vector was further tested for efficacy in a Phase II study; however, only secondary measures were significantly improved in patients receiving AAV2-NTN compared with a placebo group [46, 103] . A new Phase II study is ongoing with a higher vector dose. Phase I clinical trials testing GDNF protein delivery yielded positive behavioral results in PD patients [96, 98, 102] . Unfortunately, those results could not be replicated in a following Phase I/II study and some patients treated participating in the clinical trial generated anti-GDNF protein antibodies [97] . Preclinical studies in NHP recently demonstrated significantly recovery of MPTP-induced parkinsonism and that the adverse effects associated to delivering naked GDNF protein were not present when administering GDNF harbored by an AAV2 vector [104] . Consequently, a Phase I singlecenter, open-label, dose escalation, safety and tolerability study of AAV2-GDNF administered by CED to the putamen is now in progress for patients with advanced PD (NCT01621581, see Fig. 1 ). We do not know, however, whether any of these interventions, especially growth factors, modify protein aggregates in PD patients or, indeed, whether they might be effective in only certain subsets of PD.
HD
HD is an autosomal dominant neurodegenerative disease caused by a CAG expansion in exon 1 of the huntingtin (Htt) protein gene [105] with 36 or more CAG repeats conferring a gain of functional toxicity [106] . Patients with HD display chorea, cognitive deficits, and psychiatric symptoms. Currently, there is no effective therapy that either prevents the onset or modifies the progression of the disease. HD neuropathology is characterized by the atrophy of primarily the striatum, with massive degeneration of the striatal medium spiny neurons and cortex; however, other brain regions (e.g., thalamus, hippocampus, and white matter) are also affected. One neuropathologic hallmark is the presence of neuronal nuclear inclusions or cytoplasmic aggregates of misfolded mutant Htt (mHtt) protein [107] . Because it is an autosomal dominant inherited disease, several research groups have tried to reduce mHtt expression in a variety of HD experimental models [108] . Yamamoto and colleagues demonstrated with a tet-regulated conditional model of HD that the blockade of mHtt expression in these mice resulted in a behavioral improvement and a reduction of inclusion bodies [109] . More recent research is focused in silencing mHtt mRNA by means of RNAi or antisense oligonucleotide (ASOs) (see [110, 111] for reviews). Since that first proof-of-concept work, several studies in different rodent HD models have reported that suppressing~70 % of mHtt expression over months by means RNAi is effective in reducing neuropathology, improving motor behavior, and prolonging survival [112] [113] [114] [115] [116] [117] [118] . Furthermore, these studies also showed that reduction in Htt could be tolerated for up to 9 months, even though the wild-type Htt protein has several physiological activities important for neuronal cells [119] . Indeed, a recent study in NHP demonstrated that a reduction of 45 % in striatal Htt expression in Rhesus macaques does not induce motor deficits, neuronal degeneration, astrogliosis, or an immune response, suggesting that partial suppression of wild-type Htt expression is well tolerated in the primate for up to 6 weeks [120] . Nevertheless, the longterm tolerability to wild-type Htt reduction remains unknown. Therefore, as HD patients will be treated chronically, a selective silencing of mHtt, such as targeting CAG expansions [121, 122] or single nucleotide polymorphisms associated only with the mutant allele [123] [124] [125] , would be more desirable.
An alternative approach to RNAi is to infuse singlestranded ASO. These short complementary strands are chemically engineered to bind to mHtt mRNA and recruit RNase H that will efficiently degrade the mRNA paired to the ASO [126] . A few studies have investigated this potential antisense therapy for HD with encouraging results [121] [122] [123] [124] [125] . Particularly, Kordasiewicz and colleagues [127] have reported a study that provides strong preclinical evidence to support the use of ASO as an Htt-lowering therapeutic for HD . In this study, the authors demonstrated that temporary infusion of ASO against mHtt in the CSF of 3 HD mouse models resulted in a~75 % reduction of mHtt levels and a sustained reversal of the disease even after the treatment was stopped. Furthermore, infusion of an ASO specific for monkey Htt in the CSF of Rhesus macaques yielded the same results as those seen in transgenic rodent models and, after 21 days of intrathecal infusion (4 mg/day), Htt suppression lasted for 8 weeks after treatment cessation. In addition, widespread expression of ASO in most regions of the brain and spinal cord, and subsequent suppression of wild-type Htt expression, was well tolerated. Despite these encouraging results, Htt silencing in NHP striatum, a region primarily affected in HD, was only about 25 % in the caudate and no Htt suppression data in putamen were reported. The authors argued that, based on the data obtained from the transgenic models, targeting striatum selectively would not result in a better outcome than CSF delivery. However, in our opinion, aiming primarily at affected structures as striatum, rather than engaging more widespread mHtt suppression, would likely result in a more effective therapy. In agreement with this, a recent study in NHP has shown that continuous CED of small interfering RNA yields widespread distribution in the putamen and a reduction in Htt mRNA of~45 % [128] , indicating that improving coverage of target structures would also result in better suppression of mHtt and, consequently, a potentially better clinical outcome.
ALS
ALS is a relentlessly degenerative disease of the CNS in which upper and lower motor neurons gradually die, causing paralysis and death. The first symptoms of the disease are muscle weakness in one or more limbs spreading progressively to all limbs and muscle groups, including diaphragm, that results in respiratory failure. About 50 % of patients die within 18 months of diagnosis. Despite the testing of a number of drugs, no treatment has ever extended life expectancy a few months beyond historical controls [129] .
One of the most important discoveries in ALS research has been the identification of genetic mutations that cause familial ALS. Approximately 10 % of ALS is caused by mutations of known and unknown genes, including superoxide dismutase 1 (SOD1). A common feature of all ALS, both sporadic and familial, is the presence of large aggregates of proteins, including SOD1, in motor neuron cell bodies. This observation, together with genetic data, supports the idea that SOD1 plays a central role in familial and, possibly, sporadic ALS pathology. Indeed, generation of transgenic mice and rats that overexpress human SOD1 with point mutations (mSOD1) corresponding to those found in humans resulted in animals that expressed many of the hallmarks of the human disease.
Therapeutic interventions with gene therapy have, as for PD, followed a dual path. The earliest approaches used growth factors designed to protect motor neurons from ALS-mediated toxicity. Kaspar and colleagues [130] injected AAV2-insulin-like growth factor 1 into quadriceps muscle of mSOD1 mice, relying on a weak retrograde transport of vector up the sciatic nerve, and showed a significant extension of lifespan.
Antisense-mediated SOD1 silencing by viral vectors may be an effective therapeutic tool in ALS [131] . In this regard, spinal injection of RNAi-lentiviral vectors against SOD1 demonstrated significant improvement in motor impairment and motor neuron survival in a transgenic ALS model [132] . Consistent with this, muscular injection revealed that silencing SOD1 expression by lentivirus-mediated shRNA significantly reduced the progression of the pathology [133] . In 2006, Isis Pharmaceuticals (Carlsbad, CA, USA) initiated a Phase I study to evaluate the safety of a single intrathecal infusion of an ASO, called ISIS-SOD1Rx, designed to interfere with the production of mSOD1 (NCT01041222). Currently, early data report that the drug is safe and well tolerated by patients receiving lower doses of the synthetic molecules. Although no signs of clinical benefit have been reported yet, the authors have reported a strong correlation between mRNA target knockdown in the brain and its reduction of target protein in CSF [134] .
Recently, a study revealed the possibility of allelespecific suppression of SOD1 by RNAi-mediated SOD1 silencing [135] . Unfortunately, the variability between different studies and the unresolved challenges in delivery and off-target effects place the clinical development of these candidate therapies at a very early stage of development [136] .
Prion Disease
Prion diseases or transmissible spongiform encephalopathies (TSE) are a family of rare progressive and invariably fatal neurodegenerative disorders that affect both humans and animals. Prions cause neurodegenerative disease by aggregating extracellularly within the CNS to form amyloid plaques [137] . The highly-conserved host-encoded cellular prion protein (PrP C ) undergoes a conformational change in which it is converted into a partially protease-resistant amyloidogenic isoform, PrP Sc (disease-associated isoform of PrP), resulting in misfolding and aggregation [138, 139] . This latter isoform is also associated with infectivity (the 'protein-only' hypothesis) [140] . At present, there is no effective therapy for clinically affected TSE patients available, such that TSE are usually fatal. However, very interesting gene therapy-based approaches have been reported recently.
One of the more studied approaches to treat TSE is immunotherapy. This strategy is based on the finding that PrP-specific antibodies antagonize prion propagation both in vitro [141] [142] [143] and in vivo [144] . As an alternative to immunization and to by-pass the problems inherent in the use of full length antibodies, Wuertzer and colleagues [145] developed an AAV2 vector that expressed linearized fragments of antibodies (scFv) against PrP that retain binding properties similar to the monoclonal or Fab counterpart. In addition, scFv delivery by means of a viral vector, such as AAV2, ensured the long-term expression of the transgene. One month after AAV2-scFv infusion into the brain (striatum and thalamus), mice were intraperitoneally challenged with PrP Sc [146] . AAV2-scFv-treated animals showed an improvement of clinical signs accompanied by an extended incubation period and lower PrP Sc levels in the brain. However, the protection against TSE was partial, probably owing to the fact that the scFv could only act on brain propagation, and prion amplification was still going on peripherally [146] .
Alternatively, Mallucci and colleagues [147] developed a strategy that targeted PrP C rather than the disease-associated PrP Sc isoform. As PrP C is the substrate for conversion in prion disease, its removal would alter the progression of the disease. In order to prove this hypothesis, Mallucci and colleagues [147] generated an adult-onset PrP-knockout mice (NFH-Cre/tg37), with neuron-specific deletion of PrP C at 9 weeks of age, and proved that depletion of PrP C in neurons cured clinical disease and reversed pathology, even though there was still accumulation of extra-neuronal PrP Sc [148] . More recently, this group developed a more therapeutic approach aimed at reducing endogenous PrP C expression by means of RNAi-driven gene silencing. Tg37 mice received a focal infusion of lenti-shRNA against PrP C or an empty lentivirus in both hippocampi [149] . The resulting down-regulation of PrP C was able to slow down the progression of TSE. Lenti-RNAi delivery to mice with established prion disease significantly prolonged survival time (19 % and 24 % longer than empty-lentivirus-treated or untreated mice, respectively), reduced spongiform degeneration, and protected against neuronal loss. Unfortunately, the treatment did not cure any of the treated animals and all of them eventually died. The authors of this study speculated that optimization of vector delivery to achieve a more extensive expression of the RNAi might result in more extensive neuroprotection [150] , a speculation with which we wholeheartedly concur.
Overall, there are two key and challenging aspects that need to be addressed in order to promote a more effective translation of experimental therapies results. Interestingly, the authors of most of the proposed approaches to treat misfolding protein diseases of the CNS reviewed earlier agree that achieving accurate targeting and optimal distribution of the therapeutic agent is a very challenging, but critical, goal in order to achieve full and effective translation of preclinical results into the clinic. Although this represents a serious challenge in the diseased CNS scenario, in our opinion the more recent advances and optimizations accomplished in particular for the delivery of gene-based therapies, such as real-time imaging of delivery and CED, will help to achieve an adequate coverage of the target structure and, consequently, avoid unwanted off-target effect of therapeutic agents. In some cases, researchers also agree on the importance of the experimental models available to test new therapeutic approaches considering it a critical aspect of the translation of positive preclinical results into actual therapies for patients. Although it is extremely important to our understanding of the disease mechanisms and candidate therapies, experimental models need to provide the closest scenario possible to that of the human disease. Moreover, animal models need to be incorporated into an overall narrative of each neurodegenerative disease, particularly with respect to the natural origins of the disease process. This will ensure a faster, more accurate, and effective generation of therapies.
Conclusion
CNS diseases associated with protein misfolding are prevalent among neurodegenerative pathologies. Unfortunately, at present, there is no disease-modifying or curative therapy to treat them despite the fact that many positive results have been reported in preclinical work. Studies on potential strategies with encouraging results argue that better results could be achieved by improving therapeutic agent delivery and long-term expression. In the last decade, gene therapy for CNS has been greatly refined for optimal accuracy, coverage, and safety. Gene therapy is now considered an increasingly feasible approach owing to an improved accuracy of targeting, optimal delivery of the therapeutic agent by ensuring almost complete coverage of the target structure, and a safe and persistent expression of the transgene by viral vectors. Also, capsid engineering to avoid off-target cell transduction and characterization of AAV serotypes tropism and transport are important in order to select the more suitable vector for each pathology. Nevertheless, many safety and efficacy challenges still need to be addressed, such as regulated transgene expression (for reviews see [151] and [152] ). Many regulatable systems are now under development and some, i.e., the tetracycline-dependent transcriptional system, have been used widely for in vivo preclinical applications. However, inducible gene-expression systems still need to pass a few milestones. Regulation of transgene expression should be possible with drug-like molecules that, like the genetic response elements themselves, must be nontoxic and nonimmunogenic. A clinically viable gene regulation system must have acceptable pharmacokinetics such that gene expression can be turned "on" or "off" quickly and effectively.
It is also important, particularly in the protein misfolding field, to develop experimental models that reproduce CNS diseases as faithfully as possible. Unfortunately, for many CNS pathologies, especially nonfamilial types, the agent causing the disease remains unknown. Models based on overexpressing the aggregating protein associated with the disease are at risk of assuming this phenomenon to be the ultimate causing factor and, consequently, result in the development of therapies optimized for the treatment of a protein overexpression-induced toxicity. Therefore, when brought to patients, these therapeutic strategies will not cure or change the progression of the disease because the human disease is not the result of only a misfolded protein. Nevertheless, these experimental models are very valuable and allow researchers to elucidate the mechanisms underlying protein misfolding, protein aggregation, as well as to identify key players in the pathology of CNS diseases associated with protein misfolding.
Gene therapy is coming of age, as indicated by the plethora of gene therapy products being tested in clinical trials and by the recent approval in Europe of a commercial gene therapy to treat lipoprotein lipase deficiency, the first to be approved in the Western world. Further experiments to develop more accurate experimental models for neurodegenerative diseases along with those aimed to optimize gene therapy will provide better translation of positive preclinical results into actual therapies for patients.
